A B S T R A C T The study of human endothelial cells in tissue culture has been previously limited to umbilical vein, a large vessel source, and microvascular endothelium from human foreskin, spleen, and adrenal. Microvascular endothelium cultured from these sources have required matrix-coated culture flasks, tumor-conditioned medium, or 50% human serum for growth and subcultivation. To obtain cultures of microvascular endothelium with less stringent growth requirements, human adipose tissue was digested with collagenase and endothelial cells were separated from other stromal elements by sequential filtration and layering cells onto 5% albumin. Using standard medium containing 10% fetal calf serum, these cells grew readily to confluence and survived serial passages. When the cultures were subconfluent, cytoplasmic extensions and a capillary-like morphology were observed. Confluent cultures displayed the "cobblestone" appearance characteristic of other endothelial preparations. Electron microscopy demonstrated the presence of characteristic tight junctions and pinocytotic vesicles. Immunofluorescent staining for Factor VIII was positive, and cultures contained angiotensin-converting enzyme activity. Thus, cultures of human microvascular endothelium were readily obtained from adipose tissue and required only standard medium with 10% serum for growth and subcultivation. This system can be used to study human endothelial cell biology and may prove useful in the study of pathologic states such as diabetic microvasculopathy and tumor angiogenesis.
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INTRODUCTION
The vascular endothelium is important in numerous structural and metabolic functions. Endothelial cells act as a permeability barrier to plasma, providing a nonthrombogenic surface and allowing the selective, active transfer and metabolism of many substances (1) (2) (3) (4) (5) . In addition, the endothelium is involved in the pathogenesis of many disease states, including atherosclerosis (6), diabetic microangiopathy (7, 8) , and tumor angiogenesis (9) . The propagation of endothelium in tissue culture can be very useful in the study of these metabolic processes, since the cellular environment can be controlled.
The cell biology of large vessel endothelium, cultured from bovine or porcine aorta and human umbilical vein, has been extensively studied (1, 10) . In contrast, microvascular endothelium has been more difficult to cultivate. Human capillary endothelial cells from foreskin microvessels have required fibronectincoated culture flasks and 50% human serum to grow to confluence and survive subcultivation (11, 12) . Fibroblast contamination has been a problem in this system (12) , and other preparations of microvascular endothelial cells have required treatment with thimerosal, a mercurial cell toxin, to remove stromal cells (13, 14) . Other sources of microvascular endothelium have also required matrix-coated flasks (11, (15) (16) (17) , high concentrations of serum (11) , or tumor-conditioned medium (16) . Thus, because an optimal medium for cell growth has not yet been defined, the study of regulatory processes in these cells is complicated.
In this report, we describe the isolation, characterization, and culture of microvascular endothelium from human adipose tissue. This system offers a readily ,gg/ml streptomycin (both from Gibco Laboratories) was added. In the filtrate, the adipocytes floated to the surface and the medium below the adipocytes, containing endothelium and stromal cells, was removed and centrifuged at 300 g for 10 min. The cell pellet was resuspended in 5 ml of serum-containing medium, and this in turn was passed through 30-am nylon mesh (Nitex). Clumps of endothelium, containing 4-15 cells, were retained by the mesh, while single cells, including most of the nonendothelial stromal cells, passed through. The cell aggregates were then washed into a plastic centrifuge tube, recentrifuged, and the pellet was resuspended in 5 ml of serum-containing medium. This suspension was then gently layered on 40 ml of PBS containing 1.0 mM Ca"2 and 5% BSA, to allow separation of the larger endothelial cell aggregates from the few remaining single cells. After 10 min at room temperature and at unit gravity, the top 10 ml of the PBS-albumin was removed and the remaining 30 ml was centrifuged. The pellet containing -1,000 cells, was resuspended in 4 ml of Medium 199 containing 10% serum, and plated in a 25-cm2 flask (Corning Glass Corp., Corning, NY). Cultures were incubated at 37°C in a humid 5% CO2, 95% air environment. The culture medium was changed every 2-3 d. Serial passage was accomplished by a brief exposure to 0.25% trypsin with 0.01% EDTA, with the flasks split three for one.
Characterization, Factor VIII antigen staining. Primary cultures were grown to confluence on 25-mm round coverslips (Scientific Products Div., American Hospital Supply Corp., McGaw Park, IL), fixed in a 1:1 solution of glacial acetic acid and methanol at 0°C for 10 min, and washed with PBS. After incubation for 60 min at 37°C in a 1:80 dilution of rabbit antiserum to human Factor VIII (Calbiochem-Behring Corp., La Jolla, CA), the coverslips were washed with PBS three times for 15 min each. The cells were then incubated for 60 min at 37°C in a 1:20 dilution of fluorescein-conjugated anti-rabbit IgG (Calbiochem-Behring). After three additional 15- Omental fat from two subjects was fixed and stained with hematoxalin and eosin to estimate blood vessel size. Numerous microvessels were embedded in a stroma composed predominantly of adipocytes (Fig.  1) . The luminal diameter of vessels cut in cross section was 19.3±3.2,gm (mean±SEM, n = 27).
Electron microscopy of omental adipose tissue demonstrated numerous capillaries and microvessels separated from adipocytes by a distinct basal lamina (Fig.  2a) . These endothelial cells had the characteristic fine structural appearance of endothelial cells from other sources. Pinocytotic vesicles were a prominent feature of these cells, and adjacent cells were connected by a characteristic juntional complex (Fig. 2b) . Parallel arrays of microfilaments were also abundant. Although uncommon in the preparations examined, Weibel-Palade bodies, organelles specific to endothelial cells, were present (Fig. 2b) .
Morphology of microvascular endothelium in tissue culture. At the completion of the primary isolation, aggregates of 4-15 endothelial cells could be seen floating in the medium. Virtually all the cells from the initial inoculum attached to the culture flask within wor . FIGURE 1 Light microscopy of a section through omental adipose tissue (hematoxalin and eosin). Two microvessels (arrows) can be seen embedded in a stroma composed mostly of adipocytes (X120). 24 h. Within 72 h, the cells began to assume the morphology characteristic of endothelium. The cells proceeded to spread out, becoming flat and polygonal with round or oval nuclei containing several nucleoli (Fig.  3A) . Many cytoplasmic extensions reached out toward adjacent cells with some cells displaying a crescent or ring configuration (Fig. 3A-C) . The growth of each endothelial colony occurred rapidly and was directed radially away from its center. At various stages of colony growth, many cells displayed a dense perinuclear phase-contrast lucent band (Fig. 3A) . As (Fig. 4a) . Characteristic endothelial junctional complexes were abundant in areas of cell-cell contact (Fig. 4a,b) . Weibel Angiotensin-converting enzyme activity. All five cultures of microvascular endothelium assayed contained angiotensin-converting enzyme activity. The mean enzyme activity in primary cultures was 12.3±1.5 U/min per confluent 25-cm2 flask (mean±SEM, n = 5). Negative controls included flasks of endothelial cells incubated with angiotensin-converting enzyme substrate in the presence of SQ14,225, a specific kininase inhibitor, and flasks of several other cell types (T47D human breast cancer cells, rat hypothalamus, rat chondrocytes, and buffalo rat hepatocytes) cultured in the same serum-containing medium.
DISCUSSION
The isolation and culture of human microvascular endothelium has been reported previously from human foreskin, adrenal cortex, and spleen (11, 12, 16) . In each system, the cells would grow to confluence only when supplied with a growth matrix on the culture flask and either tumor conditioned medium (16) or medium containing 50% human serum (11) . One report of microvascular endothelium from human foreskin described growth in 5% serum (12) . These cultures, however, were contaminated with up to 20% fibroblasts and would not grow in subculture. Rela- .#. tively pure cultures of endothelium were reported previously from rat epididymal fat pad, which grew to confluence in 20% serum (13 (25) .
Electron micrographic features of these cells that are characteristic of endothelial cells in other systems include pinocytotic vesicles and the junctional complexes at cell-cell interfaces. Weibel-Palade bodies are endothelium-specific cytoplasmic organelles of unknown function that have been found in abundance in large vessel endothelium (1, 28) . These structures, however, have been either absent (13) (14) (15) (16) or present in a lesser frequency (1, 11, 12, 28, 29) in other preparations of microvascular endothelial cells. In the microvascular endothelium from this preparation, Weibel-Palade bodies were found in low frequency in cells in situ and were not present in cells in culture. Thus, the relative paucity of Weibel-Palade bodies in this system is consistent with other preparations of microvascular endothelium, and may represent an important morphologic feature that distinguishes large vessel from microvascular endothelial cells.
Factor VIII antigen is present only in endothelium, megakaryocytes, and platelets (30) and staining for this antigen was positive in all cultures from this preparation that were examined. Angiotensin-converting enzyme has been shown to be a sensitive marker for endothelium, although brush border epithelium from renal proximal tubule (31) and human dermal fibroblasts (32) also contain the enzyme. All cultures of adipose tissue microvascular endothelium assayed contained angiotensin-converting enzyme activity in quantities >10-fold higher than reported previously by the same assay technique in bovine aortic endothelial cells (21, 26) .
Microvascular endothelium differs from large vessel endothelium in several ways. Each cell type displays a different morphology in situ (33) . In addition, microvascular endothelial cells have demonstrated the ability to migrate in response to tumor-conditioned medium (34) and to form three-dimentional vascular networks in tissue culture (17) . Disease states such as diabetic microangiopathy (8) and tumor angiogenesis (16) occur at the level of the microcirculation, and not in large arteries or veins. It remains to be determined whether these differences between large and small vessel endothelium represent a divergence in cellular differentiation, or differences in cell properties imposed by their different environments. The ability to propagate microvascular endothelium in culture will permit investigation of this basic question. In 
